Introduction
The present article is the first in a series of two articles that describe the relevant literature concerning higher order aberrations (HOAs) of the eye. The first article largely explains the general and fundamental principles that apply to HOAs as well as indicating exactly which HOAs are of importance, and also the measuring apparatus commonly used to measure HOAs of the eye. The second article (to follow) discusses factors contributing to variable results in measurements of HOAs of an eye that researchers have observed.
Wavefront aberrations in general
The sensation and perception of vision is created through a complicated process involving optics and neural processing at different levels. The optical or retinal image formed by neural processing may be degraded by blurring resulting from intraocular scatter, diffraction, lower order aberrations (LOAs) that include errors of refraction, and via higher order wavefront aberrations (WAs). 1, 2, 3, 4, 5, 6 WAs of the eye, and perhaps more specifically HOAs, have been interesting topics in research for more than a decade, and the relevance and impact of such aberrations on the eye's optical quality have been measured and investigated and are of especial importance in the fields of optometry and ophthalmology. 7, 8 For example, WAs have been used to easily and rapidly quantify the optical imaging quality of optical systems such as the eye both before and after refractive surgery. 7, 8 The usefulness and accuracy of Zernike polynomials to facilitate the theoretical understanding of an optical system, based on geometric optical principles, is explained by, for instance, Carvalho 9 who emphasised that in a so-called ideal or perfect optical system, the perfect wavefront (WF) is considered as a WF that is an imaginary surface formed by the wave tips of rays within the same phase. The perfect optical system is a system without any WAs or scattering of light; however, such a system remains diffraction limited. The propagated rays of this perfect optical system are directed from an object and, should they thereafter pass through a refracting surface such as an optical lens, these refracted rays leave the refracting surface to form a perfect spherical WF with its centre at the image point. 9 Cerviño et al. 5 define an aberrated WF as any deviation from the perfect WF that might have been generated from a perfect optical system as described above. The aberrated WF results from heterogeneity within the ocular media and also from local irregularities of optical surfaces. However, aberrations can occur even with centred and supposedly perfect spherical surfaces owing to decentration, tilt or changes in refractive indices within or across surfaces. The visual system is limited by various physical and physiological factors 5 and heterogeneity of the ocular media is one of the physical factors that degrades retinal image quality. Retinal image quality is also greatly influenced by chromatic and monochromatic WAs, diffraction and scatter. Some authors suggest that these WAs may be the cause of visual distortions such as the degradation of contrast sensitivity and mesopic visual acuity. 3, 4, 5 The anatomy of the visual system, including the visual pathway and neurological connections, are some physiological factors that contribute to reduced visual perception and interpretation of the retinal image. 5 It has been further suggested This article is the first in a series of two articles that provide a comprehensive literature review of higher order aberrations (HOAs) of the eye. The present article mainly explains the general principles of such HOAs as well as HOAs of importance, and the measuring apparatus used to measure HOAs of the eye. The second article in the series discusses factors contributing to variable results in measurements of HOAs of the eye.
that haloes, glare and decreased contrast sensitivity may be the result of residual HOAs after refractive surgery on the cornea. 4 Atchison 10 points out that WAs include two types or groups of aberrations, namely monochromatic and chromatic aberrations. Chromatic aberrations, like monochromatic aberrations, have a considerable effect on the visual performance of an individual 11 but, for the purpose of the present article, only monochromatic aberrations of the eye are discussed.
Monochromatic WAs consist of both lower and HOAs. LOAs refer to zero, 1st and 2nd order WAs (which include defocus and astigmatism that relate to sphere, cylinder and axis as used in conventional refractive notation). LOAs can be corrected with normal optical aids such as spectacles or contact lenses but HOAs that involve 3rd and other HOAs cannot easily be corrected with most optical aids as they are the result of irregularities and/or imperfections of the optical system of the eye. 3, 4 Some familiar HOAs are known as spherical aberration (SA) and coma. 9 As mentioned, both LOAs and HOAs are popularly presented with Zernike polynomials, 10 and a brief discussion of this and other mathematical approaches follows below.
Zernike polynomial function series
The WAs of an optical system may be represented by a WA polynomial function named the Taylor series, where the horizontal and vertical co-ordinates of a WA are denoted by x and y values at the entrance pupil or by using the Zernike polynomial function series, which is currently more popular in vision science; but Zernike polynomials are, however, similar to the Taylor series. 10, 12, 13 The use of the Zernike polynomial function for representing ocular (or optical) aberrations has been adopted 14 by the American National Standards Institute 14 but, for the past 70 years, Zernike polynomials have been used in different scientific fields. Particularly in the last decade or two, Zernike polynomial functions have been used and applied extensively to surfaces such as the human cornea as a standard method of describing WAs. 9, 14, 15 Zernike polynomials are a set of orthogonal mathematical basis functions describing the shape of surfaces that are fitted to data. 9, 13, 16, 17 Each polynomial in this functional series is independent, and this aspect of the Zernike polynomial function makes it unique and encourages its common usage. 10, 14 Zernike polynomials enable decomposition of the complicated and irregular shape of a WA into simpler mathematical components expressed in terms of radial and angular frequencies. 15 Each function has a single coefficient or value that indicates the amount of the specific WA that, together with other WAs in the series, composes the total WA. 16, 17 These coefficients (C n m where the subscripts n and m refer to order and angular frequency respectively) are measured in micrometres or microns (µm). These small measurement units ensure that the majority of aberration variance typically found in human eyes are adequately presented. 18, 19 The Zernike polynomial series has several interesting properties and the series has an infinite number of polynomials, usually represented by two real variables, rho (ρ) and theta (θ). These polynomials are orthogonal to each other in a continuous fashion over the interior of a unit circle. This orthogonal nature of Zernike polynomials indicates that polynomials multiplied by each other across the pupil will, if they are summed, equal zero. This property of Zernike polynomials guarantees that one will be able to construct the data of any continuous surface, provided that sufficient terms are used. Corneas that have not undergone corneal curvature changes as a result of severe physical trauma, keratitis, severe ocular disease or keratoplasty may therefore be satisfactorily presented with Zernike polynomials. 9, 10, 20 Zernike polynomials may be presented in a function pyramid or triangle in which order, denoted by n, changes vertically and angular frequency, denoted by m, changes horizontally ( Figure 1 ). The polynomials in the Zernike pyramid or triangle may be presented as -Z n m and +Z n m .
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In Figure 1 , 0 0 Z in the first row has the order and frequency n = 0 and m = 0 and refers to the aberration piston. The orders continue to infinity but, commonly in vision science, orders beyond 8 are excluded because they have little effect on image quality.
FIGURE 1:
The function pyramid presenting the Zernike polynomials from the zero (n = 0) to fifth (n = 5) order.
HOAs. 10, 14 Z are fourth order polynomials (n = 4); the centre polynomial ( 4 0 Z ) refers to SA and its coefficient ( 4 0 C ) may be either positive or negative. The other polynomials from the left are oblique quatrefoil, oblique secondary astigmatism, with or against-the-rule secondary astigmatism and quatrefoil respectively. 10, 14 Progressing further down the Zernike pyramid (not shown in Figure 1) , and away from the centre, the pyramid increases in complexity and the modes or terms become even more numerous.
Carvalho et al. 21 argue that an advantage of Zernike polynomials regarding HOAs is that they describe with high precision some of the conventional Seidel aberrations, such as SAs and coma. Although there is no limit to the number of terms when Zernike polynomials are used (an infinity of HOAs can be represented), a meeting in 2000 of the members of the Vision Science and its Applications Standards task force (VSIA) 22 discussed the issue of what would be an adequate series of Zernike polynomial functions to present the HOAs of the human eye with sufficient accuracy. The meeting proposed that the first 15 Zernike polynomials and their coefficients (zero to fourth order) was an adequate representation for the most common WAs found in the human eye.
The root-mean-square statistic (RMS) is a measure of the magnitude of the variation of the WAs of a specific eye and can be used to evaluate image quality in human eyes and to compare the WF variation in different eyes. The RMS value is a WA-based optical quality metric and is used to measure the deviation of the aberrated WF from the ideal WF for one or more WAs. Although there are different methods to calculate it, the RMS value is the square root of the sum of the squared individual Zernike coefficients with order (n) and frequency (m) indices of 2 or greater. As all the coefficients are squared, the RMS will always be positive and a RMS value of zero indicates that the optical system is free of WAs. 3, 14, 18 The RMS value is a number or scalar; it is probably the most common single metric used to characterise the WAs of an eye. However, if we consider the image degradation on the retina caused by HOAs, the RMS value does not show how a given WA affects visual performance, and is therefore not well correlated with visual performance according to Hunter et al., 1 Huang, 16 and He et al. 23 The ability to measure HOAs of the eye could possibly affect the profession of optometry as we currently know it. Z ), in contrast to SAs, is represented by asymmetrical Zernike polynomials. Coma also causes asymmetric blurring of an image which, for example, may cause a spot of light to resemble the shape of a comet. Coma mainly occurs when ocular components are not co-axial or from pupil decentration that may increase with pupil dilation and, in terms of HOAs, coma may be the main source of image degradation. 25, 26 Marcos et al. 27 also suggest that pupil decentration degrades the retinal image quality by introducing coma aberrations. It was previously thought that differences caused by the off-axis position of either the fovea, tilt, misalignment or decentration of the cornea, all with respect to the lens, were the main sources for variations in HOAs, such as with coma. 27 SA have been of considerable interest to investigators for the last few decades. This WA is rotationally symmetrical 10 and is represented by a 4th order Zernike polynomial ( 4 0 Z ). SA results from peripheral light rays that are defocused on the retina and causes symmetrical blur of a retinal image. 25 The coefficient for SA is typically positive for most people in an un-accommodated state and, in instances where SA is large, as with dilated pupils, secondary SA (a 6th order aberration) may also be needed to properly represent SA. With ocular accommodation, 4 0 C (the coefficient of 4 0 Z ) tends to become more negative or less positive in value. 10 Fang et al. 28 gave a description of WAs and the optical quality of the eye for a myopic population (N = 113) with 6 mm pupil diameters. They found that the impact of HOAs on retinal image quality may be ranked as follows: SA ( C . Image degradation may thus be much less when the coefficients of these Zernike polynomials are reduced through, for example, adaptive optics (AO) which is considered in the following section.
Adaptive optics and the measuring apparatus used for the measurement of higher order aberrations
Visual performance may be determined objectively by various methods including WF aberrometry. WF technology is probably the best option presently for the evaluation of HOAs of the eye and is also commonly used in the evaluation of patients before corneal refractive surgery. 4 The complexity of refractive surgery and also special custom-designed contact lenses require instrumentation that is able to measure the refraction at several points on the cornea. A common problem of machines measuring refraction is variable results owing to dynamic accommodation of the patient as repeated measurements of the same patient are impossible to take with the crystalline lens at exactly the same dioptric power. More modern conventional autorefractors are installed with accommodation devices to relax accommodation, but such devices have their limitations. Conventional instruments are therefore not ideal for evaluating patients for refractive surgery. The need for improved instrumentation was also emphasised by the fact that new laser beams are now used during refractive surgery which have the ability to independently ablate specific parts or spots of the cornea. 21 Liang et al., 29 as far as we know, were the first to apply the principles or methods of AO to the human eye -methods that were initially used to calibrate astronomical telescopes. Astronomical images are degraded owing to WAs that occur during atmospheric turbulence and subtle changes in air temperature. AO was then used to measure and compensate for these environmental WAs. 21 AO comprises the optical and mathematical methods that potentially measure and compensate for WAs by means of special optical or aberrometry methods. 21, 30 The importance of AO in the field of WAs is that AO makes it possible to investigate the influence of HOAs on spatial visual function and to investigate the subjective quality of vision by allowing aberrations to be manipulated. After the correction of HOAs by AO, it is expected that the image quality will improve, resulting in a better and more defined image. AO is not only reliable in correcting HOAs of the eye but also enables assessment of the visual benefits thereof. 31 Besides AO, other instruments that are used to measure WAs include aberrometers with a multiple pinhole device developed by Hartmann 32 64, 65, 66 and mirror symmetry between right and left eyes. 13, 14, 19, 37, 44, 67, 68, 69, 70, 71, 72, 73, 74, 75 Further discussion regarding the variability caused by these factors follows in the second article of the present series.
Instrumentation used to measure WAs may analyse light that is either ingoing or outgoing in nature. The ingoing systems determine WAs by effectively analysing an image onto the retina, whilst outgoing systems place a source of light onto the retina and analyse WAs as light leaves the eye. Earlier methods of determining WAs include subjective methods whereas more modern methods are objective. 5 Ingoing systems calculate WAs by measuring the altered position of the laser beam projected onto a retina. Several laser rays from the original beam are projected onto the retina and then typically 5-10 frames of the retinal image are captured and defined through a small aperture. These frames may be deformed to a greater or lesser extent but are dependent on the size of the WAs present in the eye examined. The retinal spots are then each compared with their own equivalent ideal reference image, after which the deviation from this reference point is measured and processed and is then representative of the WAs. An example is the Tscherning Principle System that uses a dot pattern mask and allows analysis on a subjective basis; this method has shown good reproducibility for sphero-cylindrical refractions and total RMS Zernike coefficients for HOAs in human eyes. 5 Outgoing systems use a WF that is divided spatially, such as in the HS method. Aberrometers that use the HS method are essentially fundus cameras that collect reflected light from a single spot of light usually, but not always, with a wavelength of roughly 785 nm, projected onto the retina. As the aberrations of the optics of the eye distort the light, the resulting light emerging from the eye and having passed through the HS micro-lenslets is focused as an array of spots onto a charge-coupled device (CCD). The distance between each of the spots is measured, and its ideal position and these measurements of displacement (in the horizontal and vertical planes) are related to local distortions in the pupil as a result of the optics of the eye and the slope of the emergent WF. The number of micro-lenses in the HS sensor is an important factor because, when the number of micro-lenses (in rows and columns) is doubled, the resolution is multiplied by a factor of four. About 70-75 locations on the pupil are measured via this array of micro-lenses and the WAs are typically represented as a WF-variability map. The advantage of this method is that the sensor has the ability to measure all of the spots in the resulting array simultaneously and thus reduce any variability caused by movement. (Other aberrometers use a scanning laser and collect information sequentially, so head or eye movement may have greater effects.) A limiting factor of this approach, however, is that only a few hundred points can be measured accurately within the pupil, which in turn limits the spatial resolution of the measurement of LOAs. 4, 21, 76, 77, 78, 79 However, an aberration map essentially describes the deviation between the measured and reference WFs. Usually, warmer colours in the map represent elevated or phase-advanced portions of the WF, and cooler colours represent the surface depressions or phase retardation for the WF measured. 24, 80 These graphic representations, which include aberration maps of the measured WF and Zernike coefficients, enable one to assess the optical quality of the whole eye and the eye as an optical system 64 ; but, complicating matters somewhat, is that Zernike polynomials can also be used to represent single or multiple physical surfaces such as the cornea (i.e. Zernike polynomials can be used to directly model the corneal shape or topography) or instead to represent a WF that only indicates the aberrations of the cornea in isolation from the rest of the eye. The measurement of WAs is therefore important in evaluating the eye and its parts as an optical system and may assist in answering many questions such as whether myopes or hyperopes could have reduced visual performance in the absence of ocular pathology, even after being fully corrected with spectacles or contact lenses, and whether in infant or young eyes, this consideration could have an impact on ocular development.
Cerviño et al. 5 report that previous studies 29, 81, 82 have shown good repeatability for measurements taken with HS aberrometers. The HS sensor provides measurements that are regarded as highly accurate and reproducible in the determination of refractive error and comparable to, or even better than that from other autorefractors. The problem of induced instrument myopia in non-cyclopleged eyes, however, must still be considered. 5 The Zywave aberrometer from Bausch and Lomb makes use of a HS sensor. 7 This aberrometer is reported by Rodríguez et al. 7 to improve the signal-to-noise ratio caused by Gaussian noise by a factor of 5 compared with the older Tracey aberrometer and other experimental aberrometers. 7 For highly distorted corneas, the number of micro-lenses in the rows and columns are important as a too-high resolution may be a disadvantage. In a previous study 21 by Carvalho et al., computer simulations of HS patterns were implemented for several corneal topographers. Their study showed that, for eyes and corneas with severe curvature changes, as in the case of keratoconus, the HS spots may possibly overlap and therefore the capacity of the software that processes the image and analyses the data, will be reduced.
Conclusion
Understanding aberrations of the eye and consequent visual degradation involves a complicated collection and application of mathematical formulae. The methods are also vital in properly understanding vision and eye behaviour and development. Although the measurement thereof involves many challenges and both advantages and limitations, understanding both LOAs and HOAs may aid in improving the understanding of many symptoms presented by patients, especially pre-and post-corneal refractive surgery, such as monocular diplopia and vision distortions.
The future development of instruments and methods for measuring and correcting WAs with adaptive optics is currently of great interest, especially amongst refractive surgeons and visual scientists, and we can expect exciting changes in optometry and ophthalmology and the clinical care of many different types of patient.
